The Old World hantaviruses, members of the family Bunyaviridae, cause hemorrhagic fever with renal syndrome (HFRS). Transmission to humans occurs via inhalation of aerosols contaminated with the excreta of infected rodents. The viral antigen is detectable in dendritic cells, macrophages, lymphocytes, and, most importantly, microvascular endothelial cells. However, the site and detailed mechanism of entry of HFRScausing hantaviruses in polarized epithelial cells have not yet been defined. Therefore, this study focused on the entry of the pathogenic hantaviruses Hantaan and Puumala into African green monkey kidney epithelial cells and primary human endothelial cells. The polarized epithelial and endothelial cells were found to be susceptible to hantavirus infection exclusively from the apical surface. Treatment with phosphatidylinositolspecific phospholipase C, which removes glycosylphosphatidylinositol (GPI)-anchored proteins from the cell surface, protects cells from infection, indicating that hantaviruses require a GPI-anchored protein as a cofactor for entry. Decay-accelerating factor (DAF)/CD55 is a GPI-anchored protein of the complement regulatory system and serves as a receptor for attachment to the apical cell surface for a number of viruses. Infection was reduced by the pretreatment of hantaviral particles with human recombinant DAF. Moreover, the treatment of permissive cells with DAF-specific antibody blocked infection. These results demonstrate that the Old World hantaviruses Hantaan and Puumala enter polarized target cells from the apical site and that DAF is a critical cofactor for infection.
Hantaviruses belong to the family Bunyaviridae (36) . In contrast to other genera of the family Bunyaviridae, these viruses infect humans when hantavirus-contaminated excretions from persistently but asymptomatically infected rodents are inhaled (35) . Hantaviruses are enveloped viruses with a single-stranded negative-sense RNA consisting of three segments. The small (S) segment encodes the nucleocapsid (N) protein, the medium (M) segment encodes the two envelope proteins (Gn and Gc), and the large (L) segment encodes the viral RNA polymerase (30) . Within the genus Hantavirus, two groups have been identified: New World and Old World hantaviruses. They not only differ in their geographical distribution but also vary regarding the pathology of human infection. New World hantaviruses cause the hantavirus pulmonary syndrome (HPS), whereas Old World hantaviruses are the causative agent of hemorrhagic fever with renal syndrome (HFRS). Renal manifestation includes acute tubulointerstitial nephritis and interstitial hemorrhage, leading to acute renal failure. Severe forms of HFRS may even result in chronic renal failure. Despite differences concerning the main target organ, a common characteristic of both HPS and HFRS infection is capillary leakage due to infection of vascular endothelial cells (17, 46) .
Endothelial cells form polarized monolayers that function as an interface between vessel lumen and vessel wall and thereby control vascular permeability. Polarized cells sort lipids and proteins to their apical and basolateral surfaces, respectively. The asymmetric segregation is maintained by tight junctions, which are specialized multiprotein-complexes at cell-to-cell contacts that inhibit the movement of components along the apical and basolateral domain and hinder passage across the endothelium (2, 9, 24, 41) . Lining the blood-tissue interface, the endothelium is the site of pathogen attack. The polarized sorting of receptors renders them inaccessible to the pathogen, and many pathogens have to cross the epithelial barrier to initiate and establish infection (7, 8, 19, 27) . Therefore, the polarized entry of viruses plays a pivotal role in pathogenesis. The entry of hantaviruses into polarized cells has so far been analyzed only on the basis of two New World hantaviruses. The entry of the Black Creek Canal virus into polarized Vero C1008 cells, an epithelial monkey kidney cell line, is restricted to the apical site, whereas the Andes virus can infect primary airway epithelial cells via the apical and basolateral surfaces (32, 33) . Identifying the mechanisms of viral entry and spread in the renal endothelium and epithelium is an important step in understanding the clinical picture of HFRS.
In this study, we examined the entry of the pathogenic Old World hantaviruses Hantaan and Puumala into polarized epithelial and primary endothelial cells. Our results demonstrate that Hantaan and Puumala enter cells from the apical surface and require the apical glycosylphosphatidylinositol (GPI)-anchored receptor decay-accelerating factor (DAF) for infection.
MATERIALS AND METHODS

Cells and viruses.
Vero C1008 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and antibiotics. Human umbilical vein endothelial cells (HUVECs) were obtained from PromoCell (Hei-delberg, Germany). Cells were grown to confluence in endothelial cell growth medium with low serum (PromoCell). Only HUVECs from passages 2 to 4 were used. To establish polarized monolayers, cells (1 ϫ 10 5 ) were plated on 0.4-mpore-size 12-well Transwell culture system filters (Greiner Bio-One, Frickenhausen, Germany). The integrity of the monolayers was assessed by measuring the transepithelial electrical resistance (TER) with a Millicell-ERS voltohmmeter (Millipore, Schwalbach, Germany). Stocks of Hantaan virus strain 76-118 (HTNV) and Puumala strain CG18-20 (PUUV) were propagated on Vero E6 cells.
Immunofluorescence and flow cytometry. For immunofluorescence, cells on microporous filters were fixed with 3% paraformaldehyde-phosphate-buffered saline (PBS) or acetone and incubated with primary antibodies and appropriate fluorescently labeled secondary antibodies. The former were the monoclonal anti-Hantaan nucleocapsid protein B5D9, monoclonal anti-Puumala nucleocapsid protein A1C5 (Progen, Heidelberg, Germany), monoclonal anti-CD59 (BD Pharmingen, Heidelberg, Germany), and monoclonal anti-ZO-1 (Invitrogen, Karlsruhe, Germany), whereas the latter came from Dianova (Hamburg, Germany). Cell nuclei were stained with Hoechst 33342 (Invitrogen). Images were taken using a Nikon DS-Qi1Mc quantitative black-and-white charge-coupled device camera attached to a Nikon Eclipse 80i upright microscope (Nikon, Düsseldorf, Germany). Series of optical sections distanced 0.5 m on the z axis were taken with a confocal scanning laser microscope (Nikon C1Si spectral imaging confocal laser scanning system on a Nikon TE2000-E inverted microscope). The same contrast and intensity settings were applied to samples stained with identical antibodies.
For flow cytometry, Vero C1008 cells were washed, scraped, and stained with rabbit polyclonal anti-DAF H319 antibody (Santa Cruz, Heidelberg, Germany). After 1 h, cells were washed again and incubated with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody. After 30 min of incubation, the cells were washed a third time and then analyzed by flow cytometry with FACSCalibur (BD Pharmingen).
Depolarization with EDTA. Vero C1008 cell monolayers were grown to confluence until the maximum TER was reached. The disruption of tight junctions was induced by 2.5 mM EDTA in PBS without Ca 2ϩ or Mg . Control cells were incubated in PBS containing CaCl 2 and MgCl 2 . TER measurements were taken at various time points. For the imaging of depolarized monolayers, cells were fixed and processed for immunofluorescence as described above.
Infection. Virus inocula were added to the apical or basolateral site of polarized monolayer surfaces in a serum-free medium. After incubation for 1 h at 37°C, unbound virus was removed by a triple washing, and cells were incubated for 48 h at 37°C. The infection was monitored by the immunofluorescence of hantaviral N protein or by the Western blot analysis of N-protein expression. For immunofluorescence, acetone-fixed cells were stained with mouse monoclonal antinucleocapsid protein and a secondary Cy3-conjugated anti-mouse antibody. For Western blot analysis, cells were lysed and, after being boiled in sodium dodecyl sulfate sample buffer and separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane. The infection was monitored by the detection of hantaviral N protein using rabbit polyclonal anti-Hantaan or anti-Puumala nucleocapsid protein antibody (26) . Equal loading was verified by the detection of tubulin on the same membrane with the anti-␣-tubulin monoclonal antibody DM 1A (Sigma, Deisenhofen, Germany). Protein detection was performed after the incubation with primary and peroxidase-conjugated secondary antibodies using a Supersignal Pico detection kit (Pierce, Bonn, Germany) according to the manufacturer's instructions. The quantitative Western blot analysis was performed by using Alexa 680-conjugated secondary antibody (Invitrogen) and an Odyssey infrared imaging system (Li-Cor Biosciences, Bad Homburg, Germany).
PI-PLC and MCD treatment. Monolayers were washed with serum-free medium and treated with 1.0 unit of phosphatidylinositol-specific phospholipase C (PI-PLC) from Bacillus cereus (Invitrogen) in serum-free medium or, for control purposes, with the corresponding dilution of the storage buffer (20 mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.01% sodium azide, 50% glycerol) of PI-PLC. After incubation at 37°C for 30 min, cells were washed and infected as described above. For disruption of lipid rafts, cells were washed twice and incubated for 1 h at 37°C in serum-free medium containing various concentrations of the raft-disrupting agent methyl-␤-cyclodextrin (MCD) (Sigma). Cell viability was assessed by trypan blue staining.
Blocking with antibodies and recombinant human proteins. Antibodies specific for DAF (CD55) (rabbit polyclonal antibody H319; Santa Cruz) or integrin ␣ v ␤ 3 (mouse monoclonal antibody 1976; Millipore) were added to polarized Vero C1008 cells. Cells were treated with increasing concentrations of antibodies for 1 h at 4°C. Then the hantavirus inocula were added to the monolayer. After incubation for 1 h at 37°C, the cells were washed again and incubated for 48 h prior to N-protein expression analysis. For blocking assays with DAF or urokinase plasminogen activator receptor (uPAR) protein, virus was pretreated with carrier-free recombinant glycosylated human DAF (rhDAF) or uPAR (rhuPAR) (R&D Systems, Wiesbaden-Nordenstadt, Germany) in serum-free medium or with serum-free medium alone and then allowed to complex on ice for 1 h, and infection was performed as described above.
RESULTS
Vero C1008 cells form polarized monolayers. In order to examine the entry of HTNV into polarized cells, we used the African green monkey kidney epithelial cell line Vero C1008. To confirm confluence of monolayers grown on permeable filter supports, we monitored the TER and the formation of tight junctions. The development of TER was measured for 14 days after seeding. TER increased continuously to a maximum on day 12 and declined afterwards (Fig. 1A) . Confocal immunofluorescence analysis of xy sections revealed expression of the tight junction protein ZO-1 (zonula occludens 1) on cellto-cell contacts, whereas the vertical xz section displayed the distribution of ZO-1 exclusively along lateral plasma membranes of adjacent cells (Fig. 1B) . The integrity and the barrier function of tight junctions strictly depend on extracellular calcium concentration (22) . Depolarization of Vero C1008 monolayers by chelation of extracellular calcium with EDTA resulted in a continuously decreasing TER (Fig. 1C) . The disruption of tight junctions is also demonstrated by the redistribution of ZO-1. Cells treated with EDTA exhibited a discontinuous and weaker staining of ZO-1 at their margins (Fig.  1D ). To ensure that EDTA initiates a redistribution and not reduction of ZO-1 protein, equal amounts of total cell protein were analyzed by Western blotting (Fig. 1E) . The results revealed a characteristic 225-kDa band representing ZO-1 and demonstrated that expression levels of ZO-1 were essentially the same in monolayers incubated with and without EDTA. These results show that Vero C1008 cells develop confluent, polarized monolayers with functional tight junctions.
Hantavirus enters Vero C1008 cells from the apical site. In the Transwell system, viral particles have to overcome the filter of the permeable support to enter cells from the basolateral surface. Therefore, we examined whether the Transwell filter per se represents a barrier for the virions. We placed HTNV inocula into the lower chamber, and after shaking the Transwell system for 1 h, we compared the amount of viral particles in both chambers. The quantification of the hantaviral N-protein content by quantitative Western blot analysis using Li-Cor infrared immunofluorescence technology showed that about 30% of the HTNV particles had reached the upper chamber ( Fig. 2A) .
To confirm that the confluent polarized Vero C1008 monolayer is a valid in vitro cell culture model for the epithelial barrier function, we placed virus in the basolateral chamber of the Transwell filter system. After 1 h, we analyzed whether viral particles crossed the monolayer by analyzing the hantaviral N-protein content in the lower and upper chambers by Western blot analysis. In the basolateral chamber, the viral inocula were detectable. In contrast, no N protein of HTNV was visible in the upper chamber (Fig. 2B) .
We performed studies on the entry of HTNV into polarized Vero C1008 cells by applying virus to the upper and lower chambers of the Transwell system. To solve the problem that the majority of viruses had been trapped in the filter, we placed a 20-fold excess of virus inoculum in the lower chamber. The analysis of hantaviral N-protein expression by Western blot revealed that HTNV entered from the apical surface. In contrast, polarized Vero C1008 cells were not susceptible to viral infection through the basolateral membrane, independent of the number of virus particles added to the lower compartment.
The entry of hantavirus via the apical surface was also confirmed by the staining of N protein with mouse monoclonal anti-N protein antibody. No single cell of the monolayer inoculated with virus via the basolateral chamber was positive for N-protein expression (Fig. 2C) .
To exclude any gravitational effects as a reason for apical infection, the Transwell insert was turned upside down. The bottom side of the filter was reversed, and cells were seeded on it. After the attachment of the cells, the filter was brought back to its former position. In this system, the basolateral cell surface faced upwards. Polarized monolayers of this inverted system were exposed to HTNV, and infection was monitored by N-protein expression (Fig. 2D) . The inverted growing monolayers were not susceptible to infection via the upper chamber. On the other hand, the addition of virus to the medium of the lower chamber surrounding the apical cell surface resulted in infection. These data indicate that the entry of HTNV into polarized cells is restricted to the apical surfaces of polarized monolayers.
Treatment with PI-PLC and MCD abrogates Hantavirus infection. To determine whether HTNV requires an apical attachment factor, we investigated the infection of polarized Vero C1008 cells treated with PI-PLC. This enzyme releases proteins with a GPI anchor from the cell surface. The glycolipid anchor of proteins serves as an apical sorting signal in polarized cells (5) . To demonstrate that PI-PLC removed GPIanchored proteins efficiently from the cell surface of Vero C1008 monolayers, we performed immunofluorescence studies to visualize the presence of the GPI-anchored protein CD59 on the cell surface. Figure 3A demonstrates that PI-PLC sequestered GPI-anchored proteins completely from the cell surface by the fact that no staining of CD59 was observed in the treated monolayers. The absence of N protein in lysates from cells treated with PI-PLC revealed that the removal of GPIanchored proteins inhibited infection (Fig. 3B) . Since GPIanchored proteins are clustered in lipid raft microdomains (10, 14) , we investigated the effect of the lipid raft-disrupting agent MCD on hantavirus infection. MCD removes cholesterol from the plasma membrane, thereby destabilizing lipid rafts (34) . Pretreatment of monolayers with increasing concentrations of MCD rendered cells less susceptible to infection, as shown by the reduced number of infected cells (Fig. 3C) . These results suggest that infection by HTNV depends on the presence of a specific GPI-anchored protein on the cell surface and the integrity of lipid raft microdomains.
Anti-DAF antibodies and recombinant DAF inhibit hantavirus entry. Since the GPI-anchored protein DAF, a 70-kDa member of the regulator proteins of the complement system, serves as an attachment factor for a number of echovirus and coxsackie B virus serotypes of enteroviruses (3, 4, 18, 38, 39, 45) , we analyzed whether this protein is also involved in the entry process of hantaviruses. First, we assessed the expression of DAF on Vero C1008 cells by Western blot analysis in total lysate. DAF was detectable as a double band of approximately 70 kDa in the lysate of Vero C1008 cells (Fig. 4A) . The surface expression of DAF on Vero C1008 cells was demonstrated by flow cytometry (Fig. 4B) .
To address the question of whether the GPI-anchored protein DAF plays a role in hantaviral entry, we investigated the effect of anti-DAF antibody. The incubation of the monolayers with anti-DAF antibody resulted in a substantial loss of infection (Fig. 4C) . These results indicate that the binding to DAF is required for infection.
To verify that DAF is required for the infection of Vero C1008 cells by Hantaan virus, we preincubated viral particles with soluble rhDAF. The preincubation of viral particles with increasing concentrations of rhDAF inhibited infection in a concentration-dependent manner, as revealed by the analysis of N-protein expression in cell lysates and the quantification of N-protein-expressing cells by immunofluorescence ( Fig. 4D  and E) . These results strongly suggest that DAF is a cofactor for the infection of polarized epithelial cells by HTNV.
Both integrin ␣ v ␤ 3 and DAF are required for HTNV infection. To confirm the specificity of HTNV for the GPI-anchored receptor DAF, we pretreated viral particles with increasing concentrations of the raft-resident GPI-linked protein uPAR. In contrast to preincubation with rhDAF (Fig. 4E) , the pretreatment of viral particles with rhuPAR did not decrease viral infectivity (Fig. 5A) . Integrins of the ␤ 3 family have been found to serve as receptors for hantaviruses causing HFRS in unpolarized cells. To determine whether both DAF and integrins play a role in entry in polarized monolayers, we examined the inhibitory effect of anti-DAF, anti-integrin ␣ v ␤ 3 , and also their combination on hantaviral infectivity (Fig. 5B) . Antibodies to DAF were added to the polarized Vero C1008 monolayer via the apical chamber and antibodies to integrin ␣ v ␤ 3 via the basal chamber. Pretreatment with anti-DAF or anti-integrin ␣ v ␤ 3 inhibited hantaviral infection. The combination of antibodies did not lead to an additive inhibitory effect, in comparison to the pretreatment with the DAF antibody alone. These results suggest that both DAF and integrins participate in the entry of hantaviruses into polarized cells.
Hantaan virus enters endothelial cells from the apical site. To examine whether HTNV applies the same mechanism of infection to human endothelial cells, we performed entry studies with primary HUVECs. HUVECs were grown to confluence on Transwell membranes. Confluent HUVEC monolayers were subjected to HTNV infection via the apical or basolateral chamber of the Transwell system. The addition of virus to the apical surfaces of the monolayers resulted in infection, as demonstrated by the analysis of N-protein expression, whereas basolateral inoculation did not allow infection of HUVECs (Fig. 6A) . The removal of GPI-anchored proteins by pretreatment with PI-PLC abolished susceptibility of polarized endothelial cells to infection with Hantaan virus (Fig. 6B) . Furthermore, infection was completely blocked when viral particles were preincubated with rhDAF (Fig. 6C) . Therefore, as in polarized epithelial Vero C1008 cells, the infection of HUVECs by HTNV occurs from the apical site and requires the interaction of virus particles with the GPIanchored receptor DAF.
Puumala virus enters from the apical surface. To determine if Old World hantaviruses other than Hantaan virus utilize the apical surface to gain entry into their host cells, we studied the entry of the pathogenic hantaviral strain PUUV. As shown in Fig. 7A and B, Puumala virus enters polarized Vero C1008 cells and HUVECs via the apical surface. We examined whether the entry of Puumala virus is mediated by DAF. Pretreatment of polarized monolayers of Vero C1008 cells with increasing concentrations of anti-DAF antibodies inhibited infection (Fig. 7C) . Apical entry and the requirement of DAF appear to be common mechanisms of Old World hantavirus infection. 
DISCUSSION
In this study, we demonstrate that the entry of the pathogenic hantaviruses Hantaan and Puumala in polarized epithelial and endothelial cells is restricted to the apical surface and depends on the apical receptor DAF. Hantaviruses causing HFRS or HPS primarily infect epithelial cells. In renal tissue of HTNV-infected patients, virus was found in endothelial and tubular cells and in urinary sediment containing tubular cells (25) . Since the epithelium represents a polarized monolayer, the distribution of proteins is segregated into apical and basolateral localization. This segregation affects the accessibility of viral receptors and the mechanism of viral entry. Integrins of the ␤ 3 family have been identified as receptors on endothelial cells that are required for cellular entry by pathogenic hantaviruses (12, 13) . Integrins, a large family of heterodimeric transmembrane glycoproteins, mediate cell adhesion and binding to the extracellular matrix. Given the fact that the expression of ␤ 3 integrins is restricted to the basolateral surfaces of polarized cells (37, 42) , the viral receptor ␤ 3 integrin is inaccessible to the virus and does not allow initial attachment. Many viruses have to overcome the epithelial barrier to initiate and establish infection and have evolved different strategies to get access to polarized host cells. Some viruses, such as herpes simplex virus (11) , adenoviruses (16) , and Epstein-Barr virus (42) , interact with alternative receptors to infect epithelia. Coxsackievirus uses a basolateral entry receptor and interacts with a second receptor that is localized apically and mediates attachment. One prominent apical attachment factor for pathogens of the endothelium is the complement factor DAF (3, 45) . DAF is an inhibitory regulator protein of the complement system and is expressed on a wide variety of cells. In normal kidney, DAF has been detected in tubules, cells of the juxtaglomerular apparatus, and glomerular cells (6, 15, 23, 31, 40) . The localization in polarized cells is exclusively apical, as shown for rat podocytes and mucosal epithelial cell lines (1, 7, 20, 21) . The concerted mechanism of initial binding to apical DAF and virus entry via the entry receptor CAR, which is normally hidden beneath the tight junctions, was recently elucidated for coxsackievirus (7) . The attachment to DAF activates a signaling cascade, leading to cytoskeletal rearrangements and opening of the tight junctions that facilitate the transport of the viral particle to CAR. The entry process of hantaviruses has not been well understood so far. Hitherto, ␤ 3 integrins have been identified as receptors mediating solely the entry of pathogenic hantaviruses into unpolarized cells. We demonstrate that integrin ␣ v ␤ 3 is also required for the infection of polarized cells. This observation suggests that both integrin ␣ v ␤ 3 and DAF participate in hantaviral entry. Our results raise the possibility that, in analogy to the coxsackievirus mechanism, hantaviruses overcome the tight junction barrier by DAF-induced signaling.
The entry of viruses into the epithelium is often intimately connected with the pathogenesis of the viral disease. The entry of rotavirus induces increased permeability by disruption of the integrity of tight junctions (8, 27, 29) , and Ebola virus glycoprotein in virus-like particles affects the endothelial barrier function (44) . The possible causal relationship between hantaviral entry and disturbance of the epithelial barrier function has so far not been elucidated. The differences in the polarized susceptibility of two New World hantaviruses-bidirectional for Andes virus and apical for Black Creek Canal virusdemonstrate that the mechanism of hantaviral entry into polarized epithelial cells depends on the virus strain and cell type-specific determinants (32, 33) . In the case of the Old World hantaviruses, the endothelial and epithelial cells of the kidney are the main but not the primary target. The route of infection is through inhalation. The DAF coreceptor is abundantly expressed in the normal human respiratory tract and in cells of the hematopoietic lineage (28, 43) . To what extent the mechanism of DAF receptor usage demonstrated for the kidney epithelial cell line and primary endothelial cells is applicable to target cells in the lung remains to be investigated.
Histopathological findings in HFRS patients document a generalized capillary damage by congestion of intertubular capillaries and interstitial hemorrhage. The extent of pathological alterations in tubular, interstitial, and glomerular histology correlates with the severity of renal failure. However, the mechanism underlying hantavirus-induced endothelial and epithelial dysfunction is still unclear. Although the exact mechanism of viral pathogenesis is not clear, the polarized entry of hantavirus may have an essential impact on the clinical picture of HFRS. Therefore, further investigations are necessary to elucidate the steps of viral entry and replication in the mechanism of pathogenesis.
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